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SECTION 1

INTRODUCTION

The subject of this report is an experiment to measure the electri-

cal properties (electron and ion conductivities) of air that has received a

dose on the order of the dose received by air at late times (.1 to 10 m) after

a nuclear burst (Ref. 1). The HERMES II facility of Sandia Corporation was

used in the electron mode to produce highly dosed air in a ion chamber and a

Febetron flash x-ray source was used to reintroduce free electrons into the air

at late times in order to measure the electron conductivity.

The electrical conductivity of air is an important parameter in

source region EMP calculations. The rays from a nuclear burst drive a

radially outward flux of Compton electrons, creating a region of positive

charge and a resultant electric field directed radially outward. The

electric field rapidly attains a saturation value resulting from a balance

between the outward flow of Compton electrons and an inward flow of secon-

dary electrons moving in the resultant field. This quasistatic electric

field is given by JK/A, where JK is the current of kinetic (Compton) elec-

trons and a is the conductivity of the air.

Air in the aftermath of a nuclear burst is a chemically different

gas than normal, undosed air. The energy deposited in the air, especially

if the air is moist, allows a complex network of chemical reactions to

proceed that normally do not take place. These reactions produce a gas

mixture of changing chemical composition which may have different electrical

properties than undosed air. In particular it is the conductivity of highly

dosed air that is the important parameter in late-time EMP calculations.

5
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One phenomena that may indicate a discrepancy between the actual

electric field and that used in EMP calculations is the lightning strokes

sometimes seen in the vicinity of a nuclear burst. Based on the conductiv-

ity of undosed air, the late-time electric field has been found to be "on

the order of but somewhat less than that estimated to be necessary to

initiate a discharge." (Ref. 2) It has recently been postulated that highly

dosed air may contain enough HNO3 , a highly electronegative species, to

increase the electron attachment rate and reduce the conductivity. (Ref. 3)

The work reported here is an integral type of experiment to com-

pare the electron conductivity of highly dosed air at various times after

the dose is absorbed to the electron conductivity of undosed air. At the

same time the ion current as a function of time was measured. Incidental

to the late-time measurement of air conductivity, experimentation was

carried out on ionization enhanced breakdown in air. This effect may also

be relevant to nuclear "lightning" since breakdown was observed at field

strengths very much lower than those necessary to breakdown normal air.

6j



SECTION 2

THEORY OF MEASUREMENT

The conductivity, o, is defined by the equation

u = n e i (1)

where n is the number density of the charge carriers and 1 is their

mobility. Since n for a gas depends upon the waveform of the ionizing

radiation as well as the total dose, conductivity is not a basic property

of the gas. When electron impact multiplication and sweep-out in the gas

can be ignored, the free electron number density is given by

t

ne(t) = K P e-tf D(t') eat dt' (2)

0

where K is a constant that depends upon the energy needed to produce an

electron-ion pair in the particular gas, P is the pressure, a is the elec-

tron attachment rate, and b is the applied dose rate.

In the case of late-time EMP the dose rate changes slowly compared

to the electron attachment time, . There then exists a quasi-steady

state and Equation (2) reduces to

ne(t) K P D(t) (3)
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and the conductivity becomes

ae = KP6 e P (4)

Thus it is only necessary to measure the ratio of mobility to attachment

rate for highly dosed air to determine the conductivity of interest in

late-time EMP.

This measurement was made using the parallel-plate ("pie-pan")

ionization chamber shown in Figure 1. The chamber was used in a previous

study of the electron conductivity of dry and wet undosed air. (Ref. 4)

The double-sided configuration reduces spurious Compton currents and

increases the collection area. The high voltage is applied to the center

plate and ionizing radiation enters the chamber through the thin aluminum

windows. Free charge moving in the applied field between the plates

produces a current in the circuit connected between the center and outer,

grounded electrodes.

With a plate separation, d, of 1.4 cm and an applied voltage, V,

of 600 V, the electron transit time across the gap is - 3xI0 -6 s. Since

this is very much larger than the attachment time, sweep-out is small and

Equation (2) is applicable. The electron current measured by the chamber

is then

I(t) = 2 ne(t) e L E A (5)

where the factor of 2 arises from the double-sided construction of the ion
chamber, E is the applied electric field, and A is the area of the chamber

that has been irradiated. The total charge measured by the ion chamber can

be obtained by directly integrating Equation (5) with Equation (2) for

ne(t), yielding

Q= 2 K P D e E A (6)
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where D is the total dose. Thus the area under the electron current wave-

form is a measure of /o even when the waveform does not follow the ionization

waveform. This is the case in this experiment where the 3 ns wide radiation

pulse from the Febetron is smaller than the approximately 10 ns electron

attachment rate at atmospheric pressure. The independence of /Q from the

waveform also allowed the use of a transformer with a 50L, insertion impedance

and rise time of 20 ns to measure the electron current.

Equation (1) also applies to the ions produced in a gas. The

initial positive ions and the negative ions produced by electron attachment

exist in the gas for much longer times than the free electrons. The rate of

ion removal is proportional to the square of the ion density, resulting in

an ion density as a function of time given by

ni(O)

ni(t) + (O) (7)
1 n1 0 ni)t

where is the ion-ion recombination coefficient.

In our ion chamber the ion current is

I(t) = 2x2 ni(t) e ii E A (8)

where one factor of 2 is for the two sides and the other factor of 2 is for

the two polarities of ions. An average ion mobility for both positive and

negative ions, pi, is used.

The electric field in Equations (5) and (8) is the electric field

seen by the electrons and ions in the bulk of the gas. As the ions drift

towards the plates in the applied field a boundary layer is formed at the

positive and the negative plate. These boundary layers will screen the

bulk of the gas from the applied field. The fraction of the applied voltage

that is dropped across the two boundary layers is

10
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A V _ P x2

p (9)
0o ovo

where p is the charge density in the boundary layer and x is the thickness

of the boundary layer.

If the chemical species created in the highly dosed air can
diffuse to the walls while the chemistry is taking place, the reactions

and resulting gas mixture can be affected by interactions with the walls.
The longest time after the dose that measurements were taken was 10 ms.

If we conservatively assume a molecular diffusion coefficient of 1 cm2/s,

the diffusion length is given by

L -~ D-t-

- 0.1 cm (10)

This is only about 7 percent of the separation distance of the plates, so

diffusion to the walls will not serious effect the results of the experi-

ment.
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SECTION 3

EXPER IMENTAL

3.1 COLLIMATION AND SHIELDING

In order to simulate the energy deposition from the Mike shot

nuclear burst at a distance of approximately 1000 meters (the distance at

which the lightning was observed), a dose on the order of 106 rad is

required. This was obtained from the HERMES II generator operating in the

e-beam mode. Figure 2 shows the geometry of the experiment with the ion

chamber mounted inside the HERMES Ildrift chamber. The pressure in the

drift chamber was maintained at about 30 torr for e-beam propagation. A

new rear plate for the drift chamber was manufactured with electrical feed-

throughs for the signal cable to the ion chamber, the connection to the

thermistor mounted on the rear of the ion chamber, and for a heat tape

(not shown in Figure 2) which could be used to maintain the chamber at an

elevated temperature. A gas feedthrough was installed in the rear plate

to allow venting and filling of the ion chamber. A 1" thick aluminum (a

convenient low Z element) stopping plate was attached to the back plate

to prevent the electron beam from penetrating into the room. Since all

of the electrons from HERMES II are less than 10 MeV, a thickness of 5 gin/
cm2 will stop all the electrons.

A " thick aluminum collimator was mounted on the front of the

ion chamber to restrict the region of highly dosed air to the center of

the ion chamber while minimizing Bremsstrahlung production. The diameter

of the opening in the collimator was 8 inches while the electrodes in the

ion chamber were over 10 inches in diameter. A lead collimator 1/8" thick

Lr 12
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was used at the rear of the ion chamber to insure that the x-ray beam from

the Febetron irradiated only air that had previously received the electron
dose. The Febetron was placed as close as possible to the ion chamber to

maximize the x-ray dose. Thus, the divergence of the x-ray beam through

the ion chamber was quite large. Since the lead collimator would have been

illuminated by the electron beam that penetrated the ion chamber, a second

I" thick aluminum collimator was mounted on the rear of the ion chamber to

shield the lead collimator from the e-beam.

The highly dosed air is produced by the HERMES II e-beam, and

the x-rays from the Febetron 706 reintroduce free electrons into the gas

for the measurement of I./u. The Febetron was removed from the most intense

region of radiation produced by HERMES II by the use of a right angle bend
in its high-voltage transmission line. Despite the attempts to keep the

HERMES II produced Bremsstrahlung to a minimum, about 70 rads were recorded

on the case of the Febetron with TLD's. This radiation caused the Febetron

to fire immediately whenever HERMES II was fired. After investigation of

the amount of radiation needed to prefire the Febetron spark gaps and

mapping of the radiation in the HERMES II test cell by Sandia personnel,

it was found that 4 to 8" of lead shielding along the front and side of

the Febetron case was sufficient to reduce the dose to < 1 rad and prevent

the prefiring of the spark gaps.

3.2 E-BEAM PROPAGATION

It is important that the e-beam be fairly uniform across the

front of the ion chamber. If the beam were to filament and produce regions

of highly dosed air as well as regions of only lightly dosed air, the

current from the lightly dosed air would mask any increase in electron

attachment in the highly dosed air, making the experiment inconclusive.

For example, if one half of the volume of the ion chamber was filled with
highly dosed air and one half filled with normal air, a factor of 10

14r-



increase in c in the highly dose air would cause only a 45% decrease in

the current measured by the ion chamber. Propagation of the e-beam in the

drift chamber was studied before installation of the ion chamber with a

segmented, graphite, total-beam stopping calorimeter. Initially a graphite

collimator with a 4" diameter hole was mounted in the front of the drift

chamber. This collimator had been previously used with success when a

quartz tube (part of the previous experiment's apparatus) was placed down

the axis of the drift chamber. Without the quartz tube, which was operated

at pressures in the 20-100 torr range, the beam quickly expanded as it

exited the collihiator, even at pressures as high as 400 torr. When the

collimator was removed high fluence propagation was achieved. At high

pressure ( 100 torr) the beam had too small of a diameter and at low

pressure (, 10 torr) the beam expanded too quickly. At intermediate

pressures a uniform beam of about the correct fluence was propagated down

the drift chamber.

The calorimeter was mounted in the chamber - 100 cm from the

anode, approximately at the position of the front face of the chamber during

the experiment. An aluminum plate with an -8" aperature was mounted at

the front surface of the collimator and grounded to the drift chamber to

simulate the distribution of conducting surfaces during the actual experi-

ment. The total energy absorbed in the calorimeter as a function of pressure

is shown in Figure 3a. The spatial distribution of the fluence over the

surface of the calorimeter at the chosen pressure of 30 torr is shown in

Figure 3b. (Ref. 5) The largest ratio of the fluence in one segment to

that in another is 2.3, but the ratio of fluence in the inner ring of

segments to the fluence in the outer ring of segments is 1.1. The diameter

of calorimeter was approximately 4" while the opening in the ion chamber

collimator was 8". The uniformity of the beam over the larger area was

checked on one shot during the experiment using a radiation sensitive

plastic, cinemoid. The ratio of the dose at the center of the ion chamber

window to that at a radius of 4" was 2.1. During the calorimetry study a

15
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camera was set up to photograph the air luminescence through a window in

the drift chamber. No filamentation of the beam was observed at the 30

torr operating pressure.

During the experiment the calorimeter was removed and a thermistor

was used to measure the temperature increase of the ion chamber on HERMES

II shots. The thermistor was held in electrical and thermal contact with

the rear window of che ion chamber by taping a piece of spongy material

over it. (This avoided a previously encountered problem of the thermistor

being loosened by thermal shock when the thermistor was epoxyed to the

chamber.) The thermal relaxation constant of the chamber window was

estimated to be greater than 10 s and in fact was measured to be greater

than I min as shown by the thermistor output on a HERMES II shot in

Figure 4. The dose was calculated from the temperature rise and the

published curve of (cal/gm)/(cal/cm2 ) for the HERMES II spectrum (Ref. 6)

The HERMES II dose did not enter into the calculation of any quantities

found in this experiment; it is only necessary to insure that highly dosed

air is being made in the ion chamber.

3.3 EXPERIMENTAL SEQUENCE

The experiment proceeded according to the following sequence of

events:

(1) A 1 100 ns pulse of -8 MeV electrons from HERMES II

delivered a dose of - 2x106 rad to the air in the ion

chamber.

(2) After a variable waiting time (0.2 to 10 ms) for the

chemical reactions to proceed, 600 volts were applied

to the plate of the chamber.

(3) Ninety (90) is later, the ion current was measured.

17
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(4) After another 50 ps wait (or simultaneously in some cases),

the Febetron was fired delivering - 50 mrad to the air in

the chamber and the transient electron current as well as

the additional ion current was measured.

During the waiting time (2) the free electrons quickly attach to form

negative ions. Positive and negative ions recombine, but because of the

form of Equation (6) (for t >> 1/ni(O) , n(t) = 1/pt) a significant number

of ions remain at the end of the waiting period. It is important to apply

the electric field quickly to the plates and to make the ion and electron

current measurements soon after the field is applied because the drift of

the ions will be establishing the boundary layers during this time. The

90 -s used here was a compromise between the desire for a quick measure-

ment and the limitation of the electronics. Actually 50 Ls was a 10 time

constant wait for the charging of the plates and 40 i.s was needed for the

amplifier used to measure the ion current to settle down after the inputs

were unclamped from ground. The additional 50 i-s delay before firing the

Febetron separates the ion current due to the initial HERMES II ionization

from that due to the firing of the Febetron.

The importance of the boundary layer can be estimated from

Equation (9) which for this experiment takes the form

e V ni(t)/Iit'Vo2 (11)

where t is the time from the firing of HERMES II to application of the

field, and t' is the time from application of the field to the measurement

of ion or electron current. Equation (11) gives somewhat of an overesti-

mate because it assumes that the whole voltage is applied during the

charging time. For a waiting time of 1 ms we measured a remaining ion

density of - 109 cm 3. For measurement of the electron current t' 90

+ 50 140 ps, and assuming i 2.0 cm2/V-s, Equation (11) yields

19
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XV/V = 0.04. At I ms the measurement is affected by 4 percent or less due

to the boundary layer while at 0.2 ms, where there are roughly five times

as many ions remaining, about one fifth of the applied voltage will be

dropped across the boundary layer.

3.4 ELECTRONICS

The circuit used to produce the desired timing and to measure

the ion and electron currents is shown in simplified form in Figure 5.
The high-voltage power supply charges the 1 pF capacitor which then

charges the plate of the ion chamber when transistorized switch Si is
closed. S2 is closed when SI is open to provide a path to ground for

the leakage current through the transistor of S1. When the voltage is

applied, S2 is opened. The transient electron current flows from the

center plate of the ion chamber through the 0.001 i.F capacitor to ground

and is measured through a 1:1 pulse transformer terminated in 501. at the

scope or 7912 transient digitizer. A CT-1 current probe (not shown)

with a smaller insertion impedance and smaller transfer impedance was

also used to measure the electron current. The slower ion current flows

through the 1K resistors back to the power supply. Switches S3 and S4

are closed while the ion chamber is being charged to protect the amplifier.
Fifty (50) ps after Si closes, S4 opens and after another 40 ps delay S3

is opened, and the voltage across the 1K measuring resistor is measured

with the capactively coupled instrumentation amplifier.

The timing circuit used to operate the switches was located in

.* the instrumentation van; the high-voltage power supply, switches, and

amplifier were placed behind a concrete wall in a fairly low radiation

environment approximately 30 ft from the ion chamber; the electron current

transformer and 0.001 hF capacitor to ground were located as close as

possible to the ion chamber at the rear of the drift chamber in order to
minimize cable capacitance. The positioning of the amplifier and switches

20
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was a compromise between the desire to charge the ion chamber quickly and

thus to keep the cable capacitance between the switches and chamber small,

and the avoid firing of the switches by the HERMES 11 radiation. The

electrical connections from the HERMES test cell to the instrumentation

van and behind the wall are shown in Figure 6.

In order to avoid ground loops the Febetron was grounded only

through its connection to the Febetron control console which was in turn

grounded at its power cord. Thus, it was necessary to use pulse trans-

formers in the line to the Febetron voltage monitor and the trigger line

to the Febetron control console as shown in Figure 6. The TRANS, CTI,

and ION signals were recorded on both oscilloscopes and 7912's. The TRANS

and CTI signals were triggered by the Febetron voltage monitor and ION

signal by a timing signal generated in our timing circuit. Counters were

used to record the time between the firing of HERMES 11 and the start of

the charging of the plates of the ion chamber and the time between firing

of HERMES II and the firing of the Febetron. The timing signals to operate

the switches located behind the wall were routed from the VAN via RG22

cable. The thermistor output was monitored during and 1 10 min after each

HERMES II shot on a strip chart recorder.

A timing diagram of the signals generated by the timing circuit

is shown in Figure 7. The HERMES trigger is an input signal derived from

a PIN diode when HERMES is fired. The switches are reset manually and

then switched by the timirg signals generated using 555 IC's. The signal

to fire the Febetron is sent out at the same time that switch S3 is

opened but it could be delayed by a delay generator integral to the

Febetron control console. A detailed schematic of the timing circuit is

shown in Figure 8a and b.

Figure 9 is a detailed schematic of the amplifier and switching

circuit. Switches Si and S2 consists of a high voltage, high current

22
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Figure 7. Timing diagram. A high level for a switch
indicates that the switch is open.
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transistor (WEP 764) driven by a 2N2222 transistor as a darlington pair.

Switches S1 and S3 are isolated from the high voltage with optical

isolators, 6N136. Switch S4, which clamps both inputs of the instrumen-

tation amplifier to ground until after the large charging current is over

and the ion current is to be measured, consists of a AH0152CD analog

switch. The gain of the LM352A amplifier was switch selectable between

1 and 100. Differential line drivers were used to drive the - 300 ft. of

cable separating the time circuits from the switches.

The operation of the switching circuit and amplifier is shown

in the waveform of Figure 10a. The ION output is shown with a gain of

100, a charging voltage of 10OV, and a load consisting of - 30 ft. of

cable and a .001 pF capacitor to ground but without the ion chamber con-

nected. The initial downward transient and decay back to the baseline

is the large charging current occuring when S1 is closed. It is seen by

the amplifier despite the large attenuation due to the shunt switch S3

and ground clamps S4. Approximately 50 ps after S1 closes, the amplifier

is unclamped and the output assumes the output offset voltage of the

amplifier. (This offset voltage could be adjusted to zero if desired.)

After 40 ps, the shunt across the measuring resistor was opened and after

a switching transient the output assumes a voltage proportional to the

leakage current through the load. Figure lOb is for identical condition

as Figure lOa except that a 100 Mi. resistor to ground has been added to

the load. Comparison of Figure lOa and b show that the I A current

through the load resistor is easily measured.

The measurement of the transient electron current with the CT-i

and transformer was hindered by a large voltage (- 2V for 2 ms) presumably

due to a ground loop current. In an effort to reduce ground currents on

the shields of our signal cables, the Febetron was isolated from HERMES

and the instrumentation van. The electronics located behind the wall was

floated at the power cord and grounded to the van and drift chamber. The

28
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a) Load = cable + .007 pF.

b) Load = cable + .001 F + 100 MI2.

Figure 10. Amplifier output. Gain = 100, Charging
voltage = 10OV.
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HERMES voltage monitor, which is normally used to trigger the instrumentation

van, consists of a resistor network separating HERMES from the drift chamber.

When HERMES was fired a temporary potential difference of - 3000 volts is
developed between the drift chamber and HERMES ground. The instrumentation

van ground was connected to the drift chamber and thus it would rise - 3000 V

above the HERMES ground. The voltage monitor was disconnected and the

resistor string shorted with copper tape. This alleviated a problem with

spurious trigger signals that were being generated in the van, but the 2 V

for 2 ms noise signal persisted. Thus a high-pass filter with RC = 1 Vs
was installed in the CT-I and transformer lines.

3.5 FEBETRON DOSE

The Febetron dose is not needed in this experiment to compare

the value of i-/a for highly dosed dir to p/Q for undosed air. The dose

from the Febetron is of interest as a cross check on the electron and ion

currents. The x-ray dose was measured at the front and rear faces of the

ion chamber using TLD's and is shown in Figure 11 (Ref. 7). If one assumes

that the x-rays have an "average" energy of 100 keV (which is consistent
with other attenuativ,, data taken with this Febetron), the attenuation

through the aluminum of the chambers is .82. The geometric attenuation

between front and back of the chamber is .56. The on axis dose of 153 mrad

is expected to fall to 70 mrad in excellent agreement with the 67 mrad

measured on the rear face. However, the dose on the front face is constant

over a 2" diameter while on the rear face the dose is seen to fall off by

almost a factor of 3. The ratio of the dose x area product on the front

face to that on the back is found to be 5.7 while attenuation accounts

only for a factor of 1.2.
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~1.531 75 153 153 146 81 2 1.5 3.0 21 67 28 3.0 1.5

27 1.5

Front Face Rear Face

front rear
face face

Febetron 3.0"

point source 214
-

1

~6.25"

Lr 8.35" -"

Figure 11. Febetron dose to ion chamber in mrad as
measured by TLD's.
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The reasons for this discrepancy is not known. The dose x area

product can also be calculated from the i/c values previously measured for

wet and dry air (Ref. 8) in conjunction with the electron currents reported

in the following section. For the dry air measurements DA = 1.4x10
4

mrad-cm2 and for wet air DA = 1.2x104 mrad-cm2 . Another independent

measurement of DA comes from the ion current produced by the Febetron.

The values reported in the next section give DA = 1.6x104 mrad-cm 2 for dry

air and 1.8x10 4 mrad-cm2 for wet air.

The discrepancy in the values of DA calculated by various methods

implies an approximately 40 percent uncertainty in the absolute dose from

the Febetron. It should be stressed that this uncertainty in the absolute

dose in no way affects the conclusion concerning the comparison of /O in

highly dosed and undosed air. It is only the relative, shot-to-shot,

change in the dose that affects this comparison. The Febetron output was

monitored with a PIN detector and shows a shot-to-shot variation of less

than 10 percent. Also the uncertainty in the absolute Febetron dose does

not affect the ion densities or ion-ion recombination coefficient found

below.

3.6 WATER VAPOR CONCENTRATION

Pre-experiment testing of the ion chamber showed that significant

amounts of water vapor could adsorb to the aluminum walls of the chamber

reducing the water vapor concentration in the air. To avoid this problem,

the ion chamber was operated with air satured with water vapor. The tem-4
perature of the ion chamber mounted inside the drift chamber as measured

by the thermistor was 29.4°C at the time the water was injected into the

system. However, the gasline to the chamber was at the room temperature

* 1measured with a thermometer to be 25°C. The vapor pressure of the water

in the system will correspond to the vapor pressure at the coldest point

in the system. At 25°C the vapor pressure of water is 23.7 torr. The
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vapor pressure measured with a mercury manometer was 22.5 torr. The chamber

was then filled with air to a total pressure of 741 torr giving a water

concentration of 3.0 percent.
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SECTION 4

RESULTS

A summary of the HERMES II shots and experimental parameters for

shots on which data was acquired is shown in Table 1. The dose delivered

to the air in the ion chamber by the electron beam when the drift chamber

pressure was 30 torr was 2.2±.4x10 6 rad. When the drift chamber pressure

was changed to 27 torr the increased divergence of the beam was sufficient

to cause the Febetron to be prefired by stray radiation. Although elec-

tron current measurement was precluded on prefired shots, ion current was

measured on shot H688.

4.1 ELECTRON CURRENT

The results of the electron current measurements are shown in

Table 2. In order to make a direct comparison between the conductivity

of highly dosed and normal air, the experiment was carried out by measuring

the electron current for a series of three shots: Febetron only (B-prefix),

HERMES II plus Febetron (H-prefix), and Febetron only (A-prefix). The

time between each shot in a series was limited by the time needed to turn

around the scopes and 7912's and averaged about five minutes.

The electron current data measured using the transformer were of

much higher quality than from the CT-i because of the larger signal ampli-

tude and because of excessive noise on the CT-i cable which could not be

easily suppressed. Only the data from the transformer are reported here.

The current waveform from the transformer was recorded on both a scope and

a 7912. A typical scope waveform (after smoothing and digitizing) is

34
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shown in Figure 12; the charge found from integrating the area under the

curves is listed in Table 2. Although the interesting chemistry was
ijexpected to take place in wet air, dry air was studied first both as a

check on the wet air results and to determine the Febetron dose from the

dry air electron current.

Since the after (A-prefix) shots occurred so long after the

HERMES II shot, it is expected that the air will have returned to its

normal, undosed state. This is verified by comparing the average charge

on before shots to that on after shots. These average values fall within

0.3 standard deviations of each other for both dry and wet air. Lumping

the before and after shots together, we find for dry air an average charge

of 0.125,.015 nC and for wet air an average charge of 0.074,.013 nC.

These values for undosed air are compared to the charge measured in highly

dosed air in column 5 of Table 2. Here is listed the number of standard

deviations by which the charge measured on HERMES II shots differed froth

the average value on Febetron-only shots. We see that for all measurements

in highly dosed air the charge, and thus V/, for highly dosed air falls

within two standard deviations of the value for undosed air.

4.2 ION CURRENT

The lifetime of the ions is much longer than the electrons, but

because of the much lower mobility, the magnitude of the ion current is

much less than that of the transient electron current. The ion currerV

was measured by sensing the voltage across a I K,, precision resistor with

an instrumentation amplifier. The output of the amplifier was recorded

on a scope and a 7912. A typical 7912 record is shown in Figure 13. The

sweep starts as the ion chamber plates are being charged and the trace is

qff scale. The first, downward step (at 60 ns) occurs when the amplifier

inputs are uncla&ped from ground. Thp second step occurs when the shunt

across the measu ing resistor is removed, giving a measure of the ion
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current remaining from the HERMES II dose. The third step occurs when the

Febetron is fired and additional ions are created in the air. If neither

HERMES II nor the Febetron are fired there will still be an upward step

when the shunt is removed due to leakage current in the cable, chamber,

0.001 i-F capacitor, and switch S2. This offset current which was recorded

several times during the experiment must be subtracted from the current

recorded in Figure 13 to get the ion current.

Table 3 shows the measured ion currents from the Febetron and at

various times after a HERMES II pulse. The initial Febetron ion current

is quite constant at a value of 18.2±1.3 A for dry air and 17.5±1.7 for

wet air. This statistical variation of about 10 percent is due to pulse-

to-pulse Febetron dose variation and measurement precision.

Equation (8) for the ion current can be rearranged to give

ni(t) i = (t)/4 e E A (12)

At late times the ion density given by Equation (7) takes the form

ni(t) = l/ t (13)

The Values of I(t) given in Table 3 can be used in Equation (12) to calcu-

late nii i , as a function of time to check the time dependency given in

Equation (13).

The area to be used in Equation (12) consists of the total area

of the ion chamber plates (Ref. 9). This is because Equation (13) shows

that the number of ions at late times does not depend upon the initial

number of ions created. Even the shielded volume of the chamber receives

enough of a dose that the ion concentration is uniform throughout the

chamber at the time of the current measurement. The gap width changes
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abruptly from 1.4 cm to 2.6 cm so there are two collecting regions with

different electric fields and having areas of 616 and 374 cm2 respectively.

Equation (12) becomes

n i(t) pi = I(t)/4 e (El A1 + E2 A2 ) (14)

Figure 14 shows the measured product of ion density and mobility as a

function of time. The data point at 0.2 nis is expected to be low because

of the development of a boundary layer. The other four data points fall

along a straight line with a slope of -1, indicating that the data is

otscribed by Equation (13). From the straight line in Figure 14 the ratio

Ii/ is found to be 1.6xi06 cm- lv -1. This value is for 1 atm pressure

and a temperature of - 50C.

For the pressures used in this experiment, 1 and 0.27 atm, ion-

ion recombination is dominated by a three-body, neutral-molecule-stabilized

process. This mechanism, called Thomson recombination, is represented by

the reaction

X + Y + M + X + Y + M. (15)

This reaction proceeds with a rate constant k (cm6/s). The ion-ion recom-

bination coefficient, P (cm 3/s), is a function of k and the neutral gas
density. Sayers has measured as a function of pressure and found agree-

ment with the functional form of Thomson's theory. (Ref. 10) At 1 atm of

air Sayers measures = 2.2x10 -6 cm3/s.

The mobility of the "air ions" is needed to compare to our

measurement of i/O. The experimental measurement of ionic mobilities has

been complicated because the measured mobility depends on the age of the

ions and the identity of the ions formed. Ionic cluster formation and

charge exchange to impurity molecules can change the mobility. Although
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the mobilities measured before 1960 are suspect as measurements to be

compared to theoretical calculations, (Ref. 11) the gas purity is probably

comparable to that used in this experiment. Loeb (Ref. 12) quotes the

results of Bradbury for room air to be 1.6 for the positive ion and 2.2

for the negative ion. Adopting a value of Ii - 2 cm2/V.s and Sayers'

value for p, the ratio pi/ = 9.1xlO 5 cm-1. V-1 , about 40' lower than our

value. Since our value is measured at - 500C and Sayers value is at

somewhat lower temperature (not specified by Sayers) and according to

Thomson's theory - T-3/2 , temperature difference accounts for part of

the difference in the values of

Data were also taken to measure the ion current at times after

the Febetron was fired. The ion current measured in .27 atm of air are

given in Table 4. Because of the much lower initial ion density compared

to the HERMES data and limited range of the data the Febetron data is

described by Equation (7) rather than Equation (13). Therefore, a value

of ki/ cannot be found directly from the data. The increased current

in dry air is consistent with the greater ion moblity measured in dry

air compared to "wet" air. (Ref. 13)

4.3 IONIZATION ENHANCED BREAKDOWN

On 22 February 1980, after the goals of the late-time air chem-

istry experiment had been achieved, the HERMES II generator malfunctioned

and was down for the rest of the day. This opportunity was used to study

the electrical breakdown in air irradiated with the Febetron. It had

been previously noted that a protective spark gap in the Febetron trigger

circuit was breaking down at a much lower voltage than was expected.

This occurred when the spark gap received about I rad from the HERMES

produced Bremsstrahlung at up to 10 ms before the application of the

voltage.
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In order to go to higher values of E/O, and thus closer to

breakdown conditions, the pressure in the ion chamber was reduced to about

1/4 atm. Breakdown was studied for both wet and dry air and for various

delay times between the firing of the Febetron and the application of the

voltage to the ion chamber plates. The experimental conditions and results

are summarized in Table 5. When the applied voltage was 500 V the air in

the chamber did not breakdown. When the applied voltage was 1000 V and

thr Febetron was fired after the voltage was applied (listed as a delay

time of 0.) a breakdown always occured. When the Febetron was fired

first followed by the application of the 1000 V, the occurrence of a break-

down depended upon the delay time: breakdown was not observed at a delay

time of 10 ms; but was observed on some shots at all smaller delay times.

The occurrence and characteristics (time of occurrence, size, etc.) of a

breakdown were to some extent random as shown by different behavior for

identical experimental conditions.

The voltage applied across the chamber gap is far below the

breakdown voltage for air that has not been ionized. Figure 15 shows the

Paschen curve of breakdown voltage in air for plane parallel electrodes (as

in our chamber) versus the product of pressure and plate separation (Ref. 14).

These data were taken with brass electrodes but the curve for aluminum

should be similar. We were working at a value of Pd = .35 cm.atm, so the

chamber should withstand a voltage of 10,000 V or more. (By extrapolating

the curve of Figure 15 to larger values of Pd.) Since the chamber was

not designed for breakdown studies it is possible that a shorter air path

exists between the high voltage and ground than the plate gap. (This is

especially likely around the vacuum feedthrough connector.) Even so, the

Pachen curve indicates that at 1000 V and .25 atm a gap of .04 cm is

required for breakdown and this is much smaller than inadvertant gaps in

the chamber.

On the shots on which the voltage was applied before the Febetron,

free electrons produced in the gap cause a large initial current which
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Table 5. Breakdown experiments with Febetron

Applied Delay
Shot Voltage Time Breakdown time
Number (V) (ms) Air after voltacte

B-16 1000 0 dry immediate

B-17 1000 0 immediate & 100 ms

B-18 1000 0 immediate

B-19 500 0 no

B-20 500 0 no

B-21 500 0 no

B-22 500 .94 no

B-23 1000 .94 small at 260 Ps

B-24 1000 .94 large at 290 -is &
1.7 ms

B-25 1000 9.90 no

B-26 1000 9.91 no

B-27 1000 9.93 no

B-28 10000 ? ?

B-29 1000 .45 small at 100 us

B-30 1000 .44 wet no

B-31 1000 1.05 at 1.5 ms

B-32 1000 1.04 no

B-33 1000 1.04 no

B-34 10000 0 immediate

III
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initiates a self-sustaining breakdown. The mechanisms involved when the

breakdown is initiated by radiation instead of high field are not well

understood. One mechanism which explains the low sustaining voltages of

gaseous breakdowns is that a region of large space charge density is

formed in which the field is large enough to produce free electrons by

impact multiplication. We can estimate the space charge of the electric

field due to boundary layer formation in the ion chamber. At the applied

field of 1000 V and pressure of .27 atm, the value of E/P -2550 V/cm-atm,

3000 cm2/V.s, and a s 1.2x106 s . For a dose of 50 mrad the charge

density of free electrons in the ion chamber is 5.6x10 12 C/cm3 . The

attachment distance, p. E/a, is larger than the gap separation of 1.4 cm.

Thus the maximum voltage dropped across the boundary layer is

V -p d2  61 V (16)
C0

" Thus space charge increase of the local field cannot explain the breakdown.

Even more surprising are the shots in which breakdown occurs when

the voltage is applied after the free electrons produced by the radiation

have attached to form negative ions. An additional mechanism is needed

here to explain the initiation of the breakdown process. Detachment of

electrons from the negative ions seems likely, but it is not understood

how this comes about.

Oscilloscope photographs of the breakdown waveforms are shown in

Figure 16. Figure 16a shows the immediate breakdown when the Febetron is

fired into the charged plates. After recovery a high frequency oscillation

sets in after -800 ps. Figure 16b shows the breakdown when the voltage

was applied .9 ms after the Febetron was fired. Approximately 300 ps

after the switching transient a breakdown is observed. Again a oscillation

occurs - 1 ms after recovery. This oscillation which appears to have a

net negative current (it is centered below the baseline), may be artifact
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(enchanced)

a) Shot B-17. Immediate breakdown when Febetron
is fired. Vertical scale 4 V/division, hori-
zontal scale 500 uJs/division.

(enhanced)

b) Shot B-24. Breakdown 300 vis after voltage was
applied. Febetron fired -1 ms before voltage.
Vertical scale 4 V/division, horizontal scale
500 os/division.

Figure 16.
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(enhanced)

c) Shot B-16. Immediate breakdown when Febetron is
fired (50 us after shunt across measuring resis-
tor was removed). Vertical scale .4V/division,
horizontal scale 50 vis/division.

(enhanced)

d) Shot B-29. Small discharge -100 /s after shunt
across measuring resistor was removed. Febetron
fired - .5 ms before voltage was applied. Verti-
cal scale .4V/division, horizontal scale 50 .s/
division.ri

Figure 16. (continued)
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of the electronics which was not designed to handle the large currents i
seen at breakdown. In Figure 16c and d breakdown waveforms are shown in

an expanded time scale. Figure 16d shows a very small spike discharge

containing less than .1 n C of charge.

Further experimentation with a better controlled geometry and

extensive change of parameters such as dose, pressure, gap size, electrode

material and gas composition is needed to gain an understanding of the

effect of radiation on electrical breakdown.
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SECTION 5

CONCLUSIONS

Although the chemical composition of highly dosed air may be

quite different than undosed air, we find that the electron conductivity of

both gases are the same to within the 20 percent accuracy of this experi-

ment. The amount of HNO 3 or other highly attaching species formed in air

with 3 percent water vapor by a dose of 2x1O6 rad was insufficient to

change the attachment rate by more than 20 percent if the electron mobility

remains constant. If the ionization smog formation in our ion chamber

was the same as that after a nuclear burst, i.e. the chemical reactions

are not dependent on having high energy electrons present except initially,

then the discrepancy between the electric field used in source region EMP

calculations and the existence of lightning cannot be explained on the

basis of a lower electron conductivity in highly dosed air.

We found the ratio of the mobility to the ion-ion recombination

coefficienty for highly dosed air to be 3.9xi06 cm- I V-1 at I atm pressure

and - 50C in rough agreement with the value for undosed air.

We also found that _ tion on the order of 50 mrad reduced the

breakdown voltage across a 1.4 ,., by roughly a factor of 10. This

ionization enhanced breakdown occurred even if the radiation was applied

I ms before the voltage.
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